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         Industrialized agricultural production of annual row crops, such as corn and soybeans, is a 
major contributor to several environmental problems, including climate change and eutrophication 
of waterways.  Land use transition to multifunctional woody polyculture (MWP) agroecosystems 
has been proposed as a potential strategy for mitigating these harmful impacts while still yielding 
high value crops.  Life Cycle Assessment (LCA) has the potential to meaningfully capture these 
impacts, enabling improved decision making in agricultural management.  However, due to the 
differences in the life cycles of various agroecosystems, LCA methodology must be evaluated 
across multiple agroecosystems to ensure best practices in evaluating these systems.  This study 
evaluated the importance of various LCA methodological decisions - including system boundary 
and functional unit selection, collection of uncertain inventory data, and modelling of ecosystem 
services – across ten agroecosystems, corn-soy rotation, four monoculture orchards, and five 
multifunctional woody polycultures. 
Environmental impacts across all agroecosystems were found to be dominated by 
emissions from the burning of fuel for agricultural machinery, and from the production and use of 
fertilizers and pesticides.  The majority of these impacts are associated with the production phase 
of all crops’ life cycles, and suggestions are made for when all phases, including the nursery, 
transportation, establishment, production, and destruction of crops must be included in LCA.  
Results suggest that environmental impacts are more strongly related to management decisions, 
such as chemical application rate, than crop selection, but additional work is necessary to fully 
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Agriculture in the United States is dominated by annual row crops (ARC) such as field 
corn (Zea mays) and soybean (Glycine max). In 2018, 55.5% of the country’s total crop area was 
in corn or soybean production for grain destined for livestock feed, processed food products, and 
industrial uses 1.  Although ARC are widely planted due to their high yields and substantial support 
from subsidies, their reliance on high-input, industrialized production practices creates detrimental 
environmental outcomes.  Such practices contribute to groundwater pollution 2, biodiversity loss 
3, topsoil erosion 4, and greenhouse gas emissions 5.  These impacts contribute to larger problems, 
such as the hypoxic dead zone in the Gulf of Mexico and global climate change 4. Multifunctional 
woody polyculture (MWP), a cropping strategy that includes a minimum of two perennial crops 
and emphasizes the food producing capabilities of trees and shrubs 6, and other diversified 
agroecosystems, such as agroforestry and permaculture, have gained attention for their potential 
to yield high value agricultural products while also mitigating many of these harmful impacts 7,8. 
MWP differs from ARC in two important ways.  The first is an emphasis on 
agroecosystems comprised of polycultures - multiple species grown simultaneously in the same 
area, rather than monocultures. Previous studies have demonstrated potential benefits from 
biodiverse agroecosystems, which benefit from mutualistic relationships between species, thereby 
reducing the need for pesticides and fertilizers 9.  The second emphasis of MWP is on the 
production of woody perennial crops (e.g. food-producing trees and shrubs) rather than herbaceous 
annual crops (e.g. corn or soybeans).  Tree and shrub species have greater potential to sequester 
carbon in plant biomass and the soil, reducing greenhouse gas emissions 10,11.  Year-round ground 
cover from perennial plants reduces soil erosion and nutrient runoff, diminishing the 
eutrophication effects connected to ARC 12.  Despite these potential benefits, it is necessary to 
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quantitatively evaluate systemic tradeoffs, rather than isolated improvements in ecosystem 
services, to demonstrate the broader environmental implications of a systemic transition from ARC 
to MWP.  Such a demonstration requires comparison of the full spectrum of inputs and outputs 
produced by cropping systems with different life spans and management techniques.  Life cycle 
assessment (LCA) is an effective methodology for such comparison, as it quantifies impacts 
occurring across the stages of different agricultural products’ management. 
LCA has been conducted across a wide variety of perennial and annual crops, including 
corn 13, corn-soybean rotation 14, apples 15,16, grapes 17, citrus 18, and others.  However, 
methodological variation across studies makes it inappropriate to use past LCAs to assess the 
transition of agroecosystems from annual row crops to perennial polycultures.  For LCA to be an 
effective tool for the evaluation of agricultural land use transition, the importance of several 
methodological choices must be considered.  The first of these choices is the system boundary.  
The life cycle stages and management of perennial species differ substantially from that of ARC.  
Perennial production typically begins with a nursery stage, which is not applicable to ARC and 
frequently excluded from LCAs of perennial crops 19,20, due to the assumption  of negligible impact 
relative to the production phase 21.  By contrast, ARC requires a yearly planting and establishment 
phase, and frequently entails a more intensive processing phase to convert plant matter into other 
food products.  Despite these variations, no work has been done directly comparing the relative 
importance of the respective life cycles of perennial and annual agriculture.  Second, it is often 
impossible to directly collect inventory data over the entire lifespan of perennial crops, thus, it is 
important to consider the most appropriate methods for sourcing and modelling these uncertain 
data 19.  The functional unit of agricultural LCA is the third important methodological 
consideration.  Agriculture is inherently multifunctional - including dimensions of land 
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management, income, production, and nutrition 22 - and its impacts must be considered according 
to the different functions it serves.  Despite this, few works evaluate or critique the implications 
of different potential functional units.  Finally, it is necessary to evaluate the impact that ecosystem 
services and ecological relationships have on LCA.  Such parameters include the potential of 
different species for chemical input reduction due to low natural pest pressure, carbon 
sequestration in biomass, and fertilizer runoff reduction. 
The objective of this work is to evaluate LCA methodological choices related to the system 
boundary, data sources, functional unit, and modelling of ecological relationships. This was done 
by conducting a comparative LCA of ten agroecosystems (Figure 1) - including corn-soybean 
rotation (CSR), 4 monoculture orchards (TRT 2A, 2C, 2H, and 2U), and 5 MWPs (TRT 3 – 7) - 
based on the large-scale, long-term Agroforestry for Food field trial being conducted at the 
University of Illinois at Urbana-Champaign 6.  Each scenario is considered from cradle to gate and 
subdivided according to major production phases, in order to assess the impact of system boundary 
selection.  Where possible, inventory data was collected from several sources and compared, in 
order to assess best practices for sourcing uncertain data.  Impacts are considered based on two 
functional units: one hectare and one calorie.  Energy (i.e.  
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Figure 1: Diagrams of 60' x 60' sections of the ten scenarios evaluated - Corn Soy Rotation (CSR), 4 monoculture 
orchards (TRT 2A - U), and 5 multifunctional woody polycultures (TRT 3-7) 
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Figure 1 (cont.) 
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calories) was chosen over mass as the production based functional unit in order to provide a more 
standardized basis for comparison across multiple crops, as a calorie of any crop will have the 
same nutritional value, whereas a gram of different crops will vary significantly in composition.  
The financial function of agriculture was not considered in this study, due to a lack of available 
market data on many of the perennial crops evaluated.  Several potential ecosystem services, 
including carbon sequestration and fertilizer runoff reduction, were evaluated. The implications of 
each of these decisions are discussed in the context of life cycle assessment for agroecosystems in 


















2.1 Life Cycle Assessment 
2.1.1 Goal and Scope Definition  
 This study compared the relative environmental impacts of the ten different cropping 
scenarios present in the Agroforestry for Food field trial in order to evaluate the importance of a 
variety of methodological decisions within an agricultural LCA.   
The system considered included the following phases of production, where applicable: 
transportation of seeds to the nursery, nursery production of seedlings, transportation of seedlings 
to the field, crop planting, crop establishment (growth without production), crop production, and 
removal of perennial crops at the end of their life.  For each of these stages, emissions from farm 
activities and associated resource production were considered, including farm buildings and 
equipment, energy and fossil fuels, pesticides, and fertilizers (Figure 2).  Activities were 
considered for a fifty-year life cycle - a period of time long enough for all crops to be in full 
production for at least as long as their establishment and low production phases 23.  Replanting of 
perennial crops with lifespans shorter than fifty years was not considered, as these were typically 
shrub and medium tree crops whose yields would be diminished in later plantings due to shade 
effects from canopy crops.  
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Two functional units were considered in order to evaluate the variety of goals inherent in  
agricultural production, as per the recommendations of Cerutti et. al 2014 and Nemececk et. al. 
201122,24.  The goal of lessening the land use intensity of agricultural production was evaluated 
based on a functional unit of one hectare of production and the benefit to consumers derived from 
food production was evaluated based on a functional unit of one kilocalorie of production. Two 
Figure 2: System Boundary, including life cycle phases and emissions sources considered for all different crop types 
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methods were considered for using kilocalories as a functional unit – normalizing to the calorie 
production of the scenario directly, in which the total impacts of one hectare of a scenario’s 
production were divided by the total calories produced by that scenario: 
 
 
and normalizing to the calorie production of individual crops, in which the total impact 
attributed to each crop was divided by the calories produced by that crop to get the unit impact per 
calorie of each crop. These results were then added and divided by the total number of crops in the 
scenario to reach a functional unit of one kcal for the scenario: 
 
 
Kilocalories was chosen as the unit of production over kilograms due to the inequivalence 
of crops studied on a mass basis.  
 
2.1.2 Life Cycle Inventory  
 Data on equipment and chemical inputs for container grown and bare rootstock production 
of chestnut seedlings during the nursery phase were gathered from a nursery in the Midwestern 
United States in September 2015.  These data were used, on a per plant basis, as a proxy for other 
woody crops studied.  This is likely to overestimate values for plants which require less time in 
the nursery but should remain within bounds considered in the uncertainty analysis. Inventory data 
from the nursery phase are presented in Tables 1 and 2, referring to bare rootstock seedling 
production and container grown seedling production, respectively (distinct nursery processes 
described in more detail in section 2.2).  Inventory data are presented as uncertainty distributions 
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that were used in Monte Carlo simulation for uncertainty and sensitivity analysis (described in 
section 2.3).  Uniform distributions present the minimum and maximum value of a given 
parameter; triangular distributions present the minimum, most probable, and maximum values of 
a parameter; integer distributions present the minimum and maximum value of a parameter where 
only integer values were selected by the Monte Carlo simulation. Transportation distances for 
seeds to the nursery and seedlings to the farm were assumed in order  
to calculate associated emissions (Table 3).  Records of all field activities at the UIUC trials, from 
receiving seedlings in March 2015, planting in May 2015, and management  
through October 2018, were kept by field technicians for the UIUC trials and used as the basis for 
modelling the establishment phase of all scenarios (Table 4).   
Equipment use data - including specific machinery used and fuel use and duration 
associated with various management activities - during the establishment and production phases 
were assumed based on these records, users manuals from machinery manufacturers 25,26, 
information from vendors27,28, private agricultural data collection services29, extension services30–
32, and reports from farmers33,34.  Although a wide range of agricultural machinery is available for 
a given farm task, and sometimes several are used interchangeably on a single farm, the model 
assumed the selection of a single machine for any individual task.   
Chemical input management during the production phase was compared based on national 
application data from the USDA National Agricultural Statistics Service (NASS) database 35, 
extrapolation from past Agroforestry for Food management data, and assumptions about future 
management from Agroforestry for Food field technicians.  The different management 
recommendations derived from each of these sources were analyzed separately to effectively 
capture the uncertainty inherent in agroecosystems based on farmer decision making. These 
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separate analyses resulted in two datasets for nine of the scenarios evaluated (Corn Soy Rotation 
was evaluated exclusively based on the “high input dataset” described below), both following what 
19 refer to as a “modular assessment”, wherein separate phases of the crop life cycle are modelled 
based on separate available data sources.  The first dataset - referred to below as the “high input 
dataset”  (Table 5) - used national average fertilizer and pesticide application data 35 from the last 
thirty years (or to the earliest date available) for all crops where such data was available (see Figure 
1 for NASS dataset availability of each crop).  Because NASS chemical input is presented on a 
per ha basis for monoculture orchards, these data were scaled according to the number of a given 
species per ha in the MWP scenarios, proportional to the number of that species that would be 
found in a monoculture system, estimated based on literature 23. For crops where national datasets 
were unavailable, chemical applications were assumed to continue at the same level as those of 
the establishment phase of the Agroforestry for Food trials for the duration of the crop’s lifespan.  
The second dataset - referred to below as the “low input dataset” (Table 6) - relied on the estimates 
of the Agroforestry for Food field technicians for chemical applications during the production 
phase of all crops.   
Data for the destruction phase were estimated based on literature 36 (Table 7).   
 Inventory data associated with each material came from the ecoinvent v3.1 database 
accessed via Simapro v8.5.2.0 (see Table 12 in Appendix A).  Direct emissions from diesel burned 
by agricultural machinery were estimated using the EPA’s NONROADS model v2008a based on 
productivity rates for each activity recorded by MWP technicians or estimated from literature, 
following the method outlined in Byrne et. al 201737.     
Yield and life cycle data for perennial crops (including years to bearing, years to full 
production, and useful lifespan) for each crop were taken from Stanek et. al. 2017 and the Forrest 
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Keeling Specialty Crop Booklet 23,38.  Life cycle caloric yield was calculated from these data and 
caloric data from the USDA Food Composition Databases 39 (Table 8).   Caloric yield calculations 
assumed linear increase in yield through the crop’s low production years and constant yield during 
its full production years through the end of its useful life.    
Due to the spatiotemporal variability inherent in agricultural management and production, 
all inventory data was subject to uncertainty analysis (see section 2.3). 
 
Table 1: Inventory Data from the Nursery Phase, producing bare rootstock seedlings, formatted as uncertainty 
distributions used for Monte Carlo analysis. a Primary data from a nursery in the Midwest. 
Parameter Units Distribution Value Citation 
Seed Harvester Mass kg/farm tree uniform 7.80E-06 - 1.30E-05 a 
Shaker Mass kg/farm tree uniform 7.22E-06 - 1.20E-05 a 
Sweeper Mass kg/farm tree uniform 6.57E-06 - 1.09E-05 a 
Tillage Area ha/farm tree uniform 1.94E-06 - 3.23E-06 a 
Planting Area ha/farm tree uniform 1.94E-06 - 3.23E-06 a 
Pesticide Application Mass kg ai/farm tree uniform 1.20E-05 - 1.99E-05 a 
Fungicide Application Mass kg ai/farm tree uniform 3.05E-07 - 5.08E-07 a 
Pesticide Field Application Area ha/farm tree uniform 7.74E-06 - 1.29E-05 a 
Harvesting Digger Mass kg/farm tree uniform 1.24E-04 - 2.07E-04 a 
Harvesting Tractor Mass kg/farm tree uniform 4.86E-05 - 8.11E-05 a 
Seed Delivery Petrol Use kg/farm tree uniform 8.34E-03 - 1.39E-02 a 
Petrol Use in Nursery kg/farm tree uniform 1.32E-04 - 2.21E-04 a 
Diesel Use in Nursery kg/farm tree uniform 2.40E-03 - 4.01E-03 a 
Irrigation Electricity Use kWh/farm tree uniform 1.40E-02 - 2.34E-02 a 
Irrigation Pump Mass kg/farm tree uniform 6.42E-05 - 1.07E-04 a 
Seed to Rootstock Survival Rate # triangular 0.40, 0.50, 0.85 a 
Grafting Survival Rate # triangular 0.90, 0.95, 1 a 
Mulch Applied yes/no integer 0 - 1 a 
Mulch Depth in triangular 0.5, 1.0, 1.5 a 
Mulch Density kg/m3 triangular 200, 355, 561 a 
Seed Planting Density #/ft2 triangular 6, 8, 10 a 
Electric Pump Used for Irrigation yes/no integer 0 - 1 a 
Pump Electricity Use kWh/m3 water uniform 0.029 - 0.036 a 
Irrigation Rate m3 water/plant triangular 0.019, 0.073, 0.174 a 
Iron Irrigation Pipes Used yes/no integer 0 - 1 a 
Iron Irrigation Pipe Mass kg/plant uniform 1.5E-03 - 2.5E-03 a 
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Table 2: Inventory Data from the Nursery Phase, producing container grown seedlings, formatted as uncertainty 
distributions used for Monte Carlo analysis.  a Primary data from a nursery in the Midwest. 
Parameter Unit Distribution Value Citation 
Seed Harvester Mass kg/farm tree uniform 9.75E-06 - 1.62E-05 a 
Shaker Mass kg/farm tree uniform 9.03E-06 - 1.50E-05 a 
Sweeper Mass kg/farm tree uniform 8.21E-06 - 1.37E-05 a 
Seed Harvesting Diesel Use kg/farm tree uniform 4.22E-04 - 7.04E-04 a 
Seed Delivery Petrol Use kg/farm tree uniform 1.04E-02 - 1.74E-02 a 
Petrol Use in Nursery kg/farm tree uniform 5.12E-05 - 8.53E-05 a 
Media Mixer Electricity Use kWh/farm tree uniform 2.92E-03 - 4.88E-03 a 
Cooler Electricity Use kWh/farm tree uniform 5.49E-05 - 9.15E-05 a 
Pesticide Application Mass kg ai/farm tree uniform 8.62E-05 - 1.43E-04 a 
Fungicide Application Mass kg ai/farm tree uniform 1.28E-06 - 2.14E-06 a 
Pesticide Field Application Area ha/farm tree uniform 4.84E-05 - 8.06E-05 a 
Greenhouse Heating Propane Use kg/farm tree uniform 9.02E-05 - 1.50E-04 a 
Greenhouse Door Mass m2/farm tree uniform 7.54E-07 - 1.26E-06 a 
Greenhouse Roof Liner Mass kg/farm tree uniform 3.68E-04 - 6.14E-04 a 
Greenhouse Roof Mesh Mass kg/farm tree uniform 2.17E-05 - 3.61E-05 a 
Greenhouse Floor Liner Mass kg/farm tree uniform 4.53E-05 - 7.56E-05 a 
Greenhouse Wood Trim Material m3/farm tree uniform 2.67E-07 - 4.45E-07 a 
Irrigation Pipes (Iron) Material kg/farm tree uniform 1.62E-03 - 2.70E-03 a 
Plastic Liner kg/farm tree uniform 3.57E-04 - 5.95E-04 a 
Cover Cloth kg/farm tree uniform 3.53E-04 - 5.89E-04 a 
Seed to Rootstock Survival Rate # triangular 0.40, 0.50, 0.85 a 
Grafting Survival Rate # triangular 0.90, 0.95, 1 a 
Pot Plastic Mass kg/farm tree uniform 0.1125 - 0.1875 a 
Media Mixer Mass kg/farm tree uniform 1.28E-03 - 2.13E-03 a 
Pine Bark Media Mass kg/farm tree uniform 1.575 - 2.625 a 
Pine Wood Media Mass kg/farm tree uniform 0.2925 - 0.4875 a 
Sand Media Mass kg/farm tree uniform 2.25 - 3.75 a 
N Fertilizer Mass kg/farm tree uniform 0.009 - 0.015 a 
P Fertilizer Mass kg/farm tree uniform 1.28E-03 - 2.13E-03 a 
K Fertilizer Mass kg/farm tree uniform 3.30E-03 - 5.50E-03 a 
Greenhouse Aluminum Mass kg/farm tree uniform 2.63E-04 - 4.38E-04 a 





Table 3: Inventory Data from the Transportation Phase, formatted as uncertainty distributions used for Monte Carlo 
analysis. a Primary data from a nursery in the Midwest.  b Data assumed 
Crop Parameter Unit Distribution Value Citation 
Trees and Shrubs 
Delivery Distance to 
Nursery mi triangular 10, 100, 500 a 
Trees and Shrubs 
Number of Seeds 
Delivered # triangular 
10000, 17000, 
20000 a 
Trees and Shrubs Delivery Vehicle mpg mpg triangular 5, 20, 40 b 
Trees and Shrubs Delivery Distance to Farm mi triangular 5, 420, 2000 b 
      
Corn, Soy, Pasture 
Grass 
Number of Seeds 
Delivered # triangular 
10000, 17000, 
20000 b 
Corn, Soy, Pasture 
Grass Delivery Vehicle mpg mpg triangular 5, 20, 40 b 
Corn, Soy, Pasture 
Grass Delivery Distance to Farm mi triangular 5, 420, 2000 b 
 
Table 4: Inventory Data from the Establishment Phase, formatted as uncertainty distributions used for Monte Carlo 
analysis. a Primary data from UIUC Agroforestry for Food project.  b Data assumed 
Crop Parameter Unit Distribution Value Citation 
All Mowing Frequency /yr integer 2 - 6 a 
All Mower Size Percentile # uniform 0 - 1 a 
All Mower Mass kg uniform 128 - 6395 a 
All Mower Diesel Use kg/ha uniform 0.98 - 8.85 a 
All Fertilizer Percentile # uniform 0 - 1 b 
All Fertilizer Application Frequency /yr uniform 0.5 - 2 a 
All Pesticide Application Frequency /yr uniform 0.5 - 2 a 
All N Fertilization Rate kg/ha uniform 22.695 - 37.825 a 
All P Fertilization Rate kg/ha uniform 
38.8125 - 
64.6875 a 
All K Fertilization Rate kg/ha uniform 37.83 - 63.05 a 
All Oryzalin Application Rate kg/ha uniform 2.24 - 3.36 a 
All Sethoxydim Application Rate kg/ha uniform 0.945 - 1.575 a 
All Glyphosate Application Rate kg/ha uniform 1.12 - 1.54 a 
All Simazine Application Rate kg/ha uniform 1.6875 - 2.8125 a 
All Clopyralid Application Rate kg/ha uniform 0.0975 - 0.1625 a 
      
Trees and 
Shrubs Planting Auger Mass kg uniform 11 - 18 a 
Trees and 
Shrubs Planting Auger Petrol Use kg/tree uniform 0.008 - 0.032 a 
Trees and 
Shrubs 
Acrylamide (Root Dip) 




Table 4 (cont.)      
Pasture 




Grass Pasture Seeder Diesel Use kg/ha uniform 5.4 - 9 a 
      
Corn and Soy Tiller Used yes/no integer 0 - 1 b 
Corn and Soy Tiller Mass kg uniform 
3168.75 - 
5281.25 28,29 
Corn and Soy Tiller Diesel Use kg/ha uniform 8.82 - 8.98 a 
Corn and Soy Seeder Mass kg uniform 
5789.25 - 
9648.75 26 
Corn and Soy Seeder Diesel Use kg/ha uniform 1.6 - 8.01 a 
 
Table 5: Inventory Data from the Production Phase, using the high input dataset, formatted as uncertainty 
distributions used for Monte Carlo analysis. a Primary data from UIUC Agroforestry for Food project.  b Data assumed 
Crop Parameter Unit Distribution Value Citation 
All Fertilizer Percentile # uniform 0 - 1 b 
All Fertilizer Application Frequency /yr uniform 0.5 - 2 a 
All Pesticide Application Frequency /yr uniform 0.5 - 2 a 
All Mowing Frequency /yr integer 2 - 6 a 
All Mower Size Percentile # uniform 0 - 1 b 
All Mower Mass kg uniform 128 - 6395 25 
All Mower Diesel Use kg/ha uniform 0.98 - 8.85 a 
      
Nuts and 
Fruits Shaker Used yes/no integer 0 - 1 b 
Nuts and 
Fruits Shaker Mass kg uniform 5422.91 - 7147.35 27 
Nuts and 
Fruits Shaker Diesel Use kg/tree uniform 0.0945 - 0.2835 a 
      
Nuts Nut Wizard Used yes/no integer 0 - 1 b 
Nuts Nut Wizard Mass kg uniform 1.155 - 1.925 40 
Nuts Sweeper Used yes/no integer 0 - 1 b 
Nuts Sweeper Mass kg uniform 839.16 - 5656.39 27 
Nuts Sweeper Diesel Use kg/ha uniform 6.65 - 19.94 a 
Nuts Mechanical Nut Harvester Used yes/no integer 0 - 1 b 
Nuts Mechanical Nut Harvester Mass kg uniform 1300.47 - 5911.77 27 
Nuts 
Mechanical Nut Harvester Diesel 
Use kg/ha uniform 11.01 - 33.03 a 
Nuts Harvester Shuttle Used yes/no integer 0 - 1 b 
Nuts Harvester Shuttle Mass kg uniform 2408.61 - 7225.85 27 
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Table 5 (cont.)      
Berries Berry Harvester Used yes/no integer 0 - 1 b 
Berries Berry Harvester Mass kg uniform 1995.84 - 5987.52 41 
Berries Berry Harvester Diesel Use kg/ha uniform 11.01 - 33.03 a 
      
Corn and Soy Combine Mass kg uniform 6543 - 15500 29,33 
Corn and Soy Combine Diesel Use kg/ha uniform 5.6 - 22.45 a 
      
Corn  N Fertilization Rate kg/ha/yr triangular 
135.18, 149.97, 
167.94 35 
Corn  P Fertilization Rate kg/ha/yr triangular 58.16, 64.98, 74.52 35 
Corn  K Fertilization Rate kg/ha/yr triangular 85.76, 90.56, 97.22 35 
Corn  Acetochlor Application Rate kg/ha/yr uniform 2.2575 - 3.7625 a 
Corn  Atrazine Application Rate kg/ha/yr uniform 0.8925 - 1.4875 a 
Corn  Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Corn  Sulfentrazone Application Rate kg/ha/yr uniform 0.2175 - 0.3625 a 
Corn  Imazethapyr Application Rate kg/ha/yr uniform 0.045 - 0.075 a 
Corn  Herbicide Application Rate kg/ha/yr triangular 14.59, 27.67, 35.27 35 
Corn  Insecticide Application Rate kg/ha/yr triangular 3.65, 7.45, 13.33 35 
Corn  Fungicide Application Rate kg/ha/yr uniform 0 - 0.8 35 
      
Soy N Fertilization Rate kg/ha/yr triangular 13.75, 25.64, 43.18 35 
Soy P Fertilization Rate kg/ha/yr triangular 49.62, 54.07, 64.61 35 
Soy K Fertilization Rate kg/ha/yr triangular 79.99, 91.00, 110.03 35 
Soy Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Soy Sulfentrazone Application Rate kg/ha/yr uniform 0.2175 - 0.3625 a 
Soy Imazethapyr Application Rate kg/ha/yr uniform 0.045 - 0.075 a 
Soy Herbicide Application Rate kg/ha/yr triangular 10.6, 15.63, 24.56 35 
Soy Insecticide Application Rate kg/ha/yr triangular 0, 1.96, 4.91 35 
Soy Fungicide Application Rate kg/ha/yr uniform 0 - 1.19 35 
      
Pasture 
Grass Cutting Frequency /yr integer 1 - 3 a 
Pasture 
Grass Cutting Tractor Mass kg uniform 11625 - 19375 29 
Pasture 
Grass Cutting Tractor Diesel Use kg/ha uniform 13.23 - 22.45 a 
Pasture 
Grass Tedder Mass kg uniform 2655.75 - 4426.25 42 
Pasture 
Grass Tedder Diesel Use kg/ha uniform 2.21 - 3.68 a 
Pasture 
Grass Windrower Mass kg uniform 5242.5 - 8737.5 43 
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Table 5 (cont.) 
Pasture 
Grass Windrower Diesel Use kg/ha uniform 4.42 - 7.36 a 
Pasture 
Grass Baler Mass kg uniform 12654 - 21090 44 
Pasture 
Grass Baler Diesel Use kg/ha uniform 9.825 - 16.375 a 
Pasture 
Grass N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
Pasture 
Grass P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
Pasture 
Grass K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
Pasture 
Grass Pendimethalin Application Rate kg/ha uniform 1.5975 - 2.6625 a 
      
Chestnut N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
Chestnut P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
Chestnut K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
Chestnut Oryzalin Application Rate kg/ha/yr uniform 2.24 - 3.36 a 
Chestnut Sethoxydim Application Rate kg/ha/yr uniform 0.945 - 1.575 a 
Chestnut Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Chestnut Simazine Application Rate kg/ha/yr uniform 1.6875 - 2.8125 a 
Chestnut Clopyralid Application Rate kg/ha/yr uniform 0.0975 - 0.1625 a 
      
Hazelnut N Fertilization Rate kg/ha/yr uniform 144.02 - 155.23 35 
Hazelnut P Fertilization Rate kg/ha/yr uniform 22.42 - 62.76 35 
Hazelnut K Fertilization Rate kg/ha/yr uniform 0 - 264.51 35 
Hazelnut Herbicide Application Rate kg/ha/yr uniform 4.9 - 5.66 35 
Hazelnut Insecticide Application Rate kg/ha/yr uniform 6.92 - 18.02 35 
Hazelnut Fungicide Application Rate kg/ha/yr uniform 8.16 - 10.51 35 
      
Apple N Fertilization Rate kg/ha/yr uniform 26.48 - 75.52 35 
Apple P Fertilization Rate kg/ha/yr uniform 28.02 - 73.97 35 
Apple K Fertilization Rate kg/ha/yr uniform 35.03 - 77.06 35 
Apple Herbicide Application Rate kg/ha/yr triangular 4.09, 18.35, 37.94 35 
Apple Insecticide Application Rate kg/ha/yr triangular 41.78, 111.43, 208.5 35 
Apple Fungicide Application Rate kg/ha/yr uniform 99.13 - 136.03 35 
      
Currant N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
Currant P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
Currant K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
Currant Oryzalin Application Rate kg/ha/yr uniform 2.24 - 3.36 a 
Currant Sethoxydim Application Rate kg/ha/yr uniform 0.945 - 1.575 a 
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Table 5 (cont.)      
Currant Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Currant Simazine Application Rate kg/ha/yr uniform 1.6875 - 2.8125 a 
Currant Clopyralid Application Rate kg/ha/yr uniform 0.0975 - 0.1625 a 
      
Plum N Fertilization Rate kg/ha/yr uniform 44.27 - 82.38 35 
Plum P Fertilization Rate kg/ha/yr uniform 41.47 - 63.89 35 
Plum K Fertilization Rate kg/ha/yr uniform 17.37 - 64.45 35 
Plum Herbicide Application Rate kg/ha/yr uniform 4.9 - 5.66 35 
Plum Insecticide Application Rate kg/ha/yr uniform 0 - 68.91 35 
Plum Fungicide Application Rate kg/ha/yr uniform 2.36 - 51.59 35 
      
Pawpaw N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
Pawpaw P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
Pawpaw K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
Pawpaw Oryzalin Application Rate kg/ha/yr uniform 2.24 - 3.36 a 
Pawpaw Sethoxydim Application Rate kg/ha/yr uniform 0.945 - 1.575 a 
Pawpaw Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Pawpaw Simazine Application Rate kg/ha/yr uniform 1.6875 - 2.8125 a 
Pawpaw Clopyralid Application Rate kg/ha/yr uniform 0.0975 - 0.1625 a 
      
Persimmon N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
Persimmon P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
Persimmon K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
Persimmon Oryzalin Application Rate kg/ha/yr uniform 2.24 - 3.36 a 
Persimmon Sethoxydim Application Rate kg/ha/yr uniform 0.945 - 1.575 a 
Persimmon Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Persimmon Simazine Application Rate kg/ha/yr uniform 1.6875 - 2.8125 a 
Persimmon Clopyralid Application Rate kg/ha/yr uniform 0.0975 - 0.1625 a 
      
Aronia N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
Aronia P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
Aronia K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
Aronia Oryzalin Application Rate kg/ha/yr uniform 2.24 - 3.36 a 
Aronia Sethoxydim Application Rate kg/ha/yr uniform 0.945 - 1.575 a 
Aronia Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Aronia Simazine Application Rate kg/ha/yr uniform 1.6875 - 2.8125 a 
Aronia Clopyralid Application Rate kg/ha/yr uniform 0.0975 - 0.1625 a 
      
Serviceberry N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
Serviceberry P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
Serviceberry K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
Serviceberry Oryzalin Application Rate kg/ha/yr uniform 2.24 - 3.36 a 
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Serviceberry Sethoxydim Application Rate kg/ha/yr uniform 0.945 - 1.575 a 
Serviceberry Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Serviceberry Simazine Application Rate kg/ha/yr uniform 1.6875 - 2.8125 a 
Serviceberry Clopyralid Application Rate kg/ha/yr uniform 0.0975 - 0.1625 a 
      
Elderberry N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
Elderberry P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
Elderberry K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
Elderberry Oryzalin Application Rate kg/ha/yr uniform 2.24 - 3.36 a 
Elderberry Sethoxydim Application Rate kg/ha/yr uniform 0.945 - 1.575 a 
Elderberry Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
Elderberry Simazine Application Rate kg/ha/yr uniform 1.6875 - 2.8125 a 
Elderberry Clopyralid Application Rate kg/ha/yr uniform 0.0975 - 0.1625 a 
      
Pecan N Fertilization Rate kg/ha/yr uniform 123.19 - 145.7 35 
Pecan P Fertilization Rate kg/ha/yr uniform 62.2 - 68.93 35 
Pecan K Fertilization Rate kg/ha/yr uniform 73.41 - 116.00 35 
Pecan Herbicide Application Rate kg/ha/yr uniform 1.18 - 21.87 35 
Pecan Insecticide Application Rate kg/ha/yr uniform 18.15 - 39.22 35 
Pecan Fungicide Application Rate kg/ha/yr uniform 11.77 - 27.47 35 
      
American 
Hazelnut N Fertilization Rate kg/ha/yr uniform 22.695 - 37.825 a 
American 
Hazelnut P Fertilization Rate kg/ha/yr uniform 38.8125 - 64.6875 a 
American 
Hazelnut K Fertilization Rate kg/ha/yr uniform 37.83 - 63.05 a 
American 
Hazelnut Oryzalin Application Rate kg/ha/yr uniform 2.24 - 3.36 a 
American 
Hazelnut Sethoxydim Application Rate kg/ha/yr uniform 0.945 - 1.575 a 
American 
Hazelnut Glyphosate Application Rate kg/ha/yr uniform 1.12 - 1.54 a 
American 
Hazelnut Simazine Application Rate kg/ha/yr uniform 1.6875 - 2.8125 a 
American 




Table 6: Inventory Data from the Production Phase, using the low input dataset, formatted as uncertainty distributions 
used for Monte Carlo analysis a Primary data from UIUC Agroforestry for Food project.  b Data assumed 
Crop Parameter Unit Distribution Value Citation 
All Fertilizer Percentile # uniform 0 - 1 b 
All Fertilizer Application Frequency /yr uniform 0.5 - 2 a 
All Pesticide Application Frequency /yr uniform 0.5 - 2 a 
All Mowing Frequency /yr integer 2 - 6 a 
All Mower Size Percentile # uniform 0 - 1 b 
All Mower Mass kg uniform 128 - 6395 25 
All Mower Diesel Use kg/ha uniform 0.98 - 8.85 a 
      
Nuts and Fruits Shaker Used yes/no integer 0 - 1 b 
Nuts and Fruits Shaker Mass kg uniform 5422.91 - 7147.35 27 
Nuts and Fruits Shaker Diesel Use kg/tree uniform 0.0945 - 0.2835 a 
      
Nuts Nut Wizard Used yes/no integer 0 - 1 b 
Nuts Nut Wizard Mass kg uniform 1.155 - 1.925 40 
Nuts Sweeper Used yes/no integer 0 - 1 b 
Nuts Sweeper Mass kg uniform 839.16 - 5656.39 27 
Nuts Sweeper Diesel Use kg/ha uniform 6.65 - 19.94 a 
Nuts Mechanical Nut Harvester Used yes/no integer 0 - 1 b 
Nuts Mechanical Nut Harvester Mass kg uniform 1300.47 - 5911.77 27 
Nuts 
Mechanical Nut Harvester Diesel 
Use kg/ha uniform 11.01 - 33.03 a 
Nuts Harvester Shuttle Used yes/no integer 0 - 1 b 
Nuts Harvester Shuttle Mass kg uniform 2408.61 - 7225.85 27 
      
Berries Berry Harvester Used yes/no integer 0 - 1 b 
Berries Berry Harvester Mass kg uniform 1995.84 - 5987.52 41 
Berries Berry Harvester Diesel Use kg/ha uniform 11.01 - 33.03 a 
      
Pasture Grass Cutting Frequency /yr integer 1 - 3 a 
Pasture Grass Cutting Tractor Mass kg uniform 11625 - 19375 29 
Pasture Grass Cutting Tractor Diesel Use kg/ha uniform 13.23 - 22.45 a 
Pasture Grass Tedder Mass kg uniform 2655.75 - 4426.25 42 
Pasture Grass Tedder Diesel Use kg/ha uniform 2.21 - 3.68 a 
Pasture Grass Windrower Mass kg uniform 5242.5 - 8737.5 43 
Pasture Grass Windrower Diesel Use kg/ha uniform 4.42 - 7.36 a 
Pasture Grass Baler Mass kg uniform 12654 - 21090 44 
Pasture Grass Baler Diesel Use kg/ha uniform 9.825 - 16.375 a 
Pasture Grass N Fertilization Rate kg/ha/yr uniform 42.03 - 70.05 a 
Pasture Grass Pendimethalin Application Rate kg/ha uniform 1.5975 - 2.6625 a 
      
Chestnut N Fertilization Rate kg/ha/yr uniform 105.08 - 175.13 a 
Chestnut Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Chestnut Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
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Chestnut Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Hazelnut Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Hazelnut Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Hazelnut Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Apple Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Apple Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Apple Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Currant N Fertilization Rate kg/ha/yr uniform 21.79 - 43.57 a 
Currant Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Currant Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Currant Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Plum Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Plum Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Plum Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Pawpaw Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Pawpaw Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Pawpaw Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Persimmon Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Persimmon Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Persimmon Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Aronia Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Aronia Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Aronia Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Serviceberry Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Serviceberry Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Serviceberry Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Elderberry Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Elderberry Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Elderberry Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
Pecan Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
Pecan Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
Pecan Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
      
American 
Hazelnut Glyphosate Application Rate kg/ha/yr uniform 0.63 -1.05 a 
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American 
Hazelnut Simazine Application Rate kg/ha/yr uniform 1.68 - 2.8 a 
American 
Hazelnut Flumioxazin Application Rate kg/ha/yr uniform 0.315 - 0.525 a 
 
Table 7: Inventory Data from the Destruction Phase, formatted as uncertainty distributions used for Monte Carlo 
analysis 
Crop Parameter Unit Distribution Value Citation 
Trees and 
Shrubs Removal Rate hr/plant uniform 0.02475 - 0.04125  36 
 
Table 8: Life cycle and calorie data for all crops considered, formatted as uncertainty distributions used for Monte 
Carlo Analysis 
Crop Parameter Unit Distribution Value Citation 
Chestnut Years to Production years integer 3 - 7 23 
Chestnut 
Additional Years to Full 
Production years integer 3 - 7 23 
Chestnut Lifespan years integer 50 - 100 23 
Chestnut Full Mass Yield kg/tree/yr uniform 
11.38 - 
18.14 23 
Chestnut Calorie Yield cal/kg uniform 
1680 - 
2800 39 
      
Hazelnut Years to Production years integer 4 -5 23 
Hazelnut 
Additional Years to Full 
Production years integer 3 - 4 23 
Hazelnut Lifespan years integer 30 - 50 23 
Hazelnut Full Mass Yield kg/tree/yr uniform 0.91 - 4.08 23 
Hazelnut Calorie Yield cal/kg uniform 
4710 - 
7850 39 
      
Apple Years to Production years integer 4 - 6 23 
Apple 
Additional Years to Full 
Production years integer 4 - 6 23 
Apple Lifespan years integer 15 - 50 23 
Apple Full Mass Yield kg/tree/yr uniform 
136.08 - 
181.44 23 
Apple Calorie Yield cal/kg uniform 390 - 650 39 
      
Currant Years to Production years integer 2 - 3 23 
Currant 
Additional Years to Full 
Production years integer 1 - 4 23 
Currant Lifespan years integer 10 - 20 23 
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Table 8 (cont.)      
Currant Full Mass Yield kg/tree/yr uniform 1.36 - 4.54 23 
Currant Calorie Yield cal/kg uniform 
472.5 - 
787.5 39 
      
Plum Years to Production years integer 3 - 4 23 
Plum 
Additional Years to Full 
Production years integer 1 - 3 23 
Plum Lifespan years integer 20 - 30 23 
Plum Full Mass Yield kg/tree/yr uniform 
22.68 - 
45.36 23 
Plum Calorie Yield cal/kg uniform 345 - 575 39 
      
Pawpaw Years to Production years integer 3 - 12 23 
Pawpaw 
Additional Years to Full 
Production years integer 1 - 4 23 
Pawpaw Lifespan years integer 20 - 25 23 
Pawpaw Full Mass Yield kg/tree/yr uniform 6.8 - 22.68 23 
Pawpaw Calorie Yield cal/kg uniform 600 - 1000 39 
      
Persimmon Years to Production years integer 2 - 6 23 
Persimmon 
Additional Years to Full 
Production years integer 3 - 6 23 
Persimmon Lifespan years integer 50 - 75 23 
Persimmon Full Mass Yield kg/tree/yr uniform 
22.68 - 
45.36 23 
Persimmon Calorie Yield cal/kg uniform 
952.5 - 
1587.5 39 
      
Aronia Years to Production years integer 1 - 3 23 
Aronia 
Additional Years to Full 
Production years integer 2 - 4 23 
Aronia Lifespan years integer 10 - 15 23 
Aronia Full Mass Yield kg/tree/yr uniform 6.8 - 9.07 23 
Aronia Calorie Yield cal/kg uniform 
352.5 - 
587.5 45 
      
Serviceberry Years to Production years integer 2 - 5 23 
Serviceberry 
Additional Years to Full 
Production years integer 4 - 6 23 
Serviceberry Lifespan years integer 30 - 50 23 
Serviceberry Full Mass Yield kg/tree/yr uniform 
13.61 - 
18.14 23 
Serviceberry Calorie Yield cal/kg uniform 
637.5 - 
1062.5 46 
      
Elderberry Years to Production years integer 2 - 4 23 
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Elderberry 
Additional Years to Full 
Production years integer 1 - 2 23 
Elderberry Lifespan years integer 15 - 25 23 
Elderberry Full Mass Yield kg/tree/yr uniform 2.27 - 6.8 23 
Elderberry Calorie Yield cal/kg uniform 
547.5 - 
912.5 39 
      
Pecan Years to Production years integer 5 - 10 23 
Pecan 
Additional Years to Full 
Production years integer 10 - 15 23 
Pecan Lifespan years integer 75 - 100 23 
Pecan Full Mass Yield kg/tree/yr uniform 
13.61 - 
22.68 23 
Pecan Calorie Yield cal/kg uniform 
5182.5 - 
8637.5 39 
      
American 
Hazelnut Years to Production years integer 2 - 6 23 
American 
Hazelnut 
Additional Years to Full 
Production years integer 3 - 6 23 
American 
Hazelnut Lifespan years integer 30 - 50 23 
American 
Hazelnut Full Mass Yield kg/tree/yr uniform 6.8 - 9.07 23 
American 
Hazelnut Calorie Yield cal/kg uniform 
4710 - 
7850 39 
      
Pasture Grass Full Mass Yield kg/ha/yr uniform 
18143.7 - 
31751.5 23 
Pasture Grass Calorie Yield cal/kg uniform 
172.5 - 
287.5 47 
      
Corn Full Mass Yield kg/ha/yr uniform 
5178.3 - 
12145.5 35 
Corn Calorie Yield cal/kg uniform 
2737.5 - 
4562.5 39 
      










2.1.3 Life Cycle Impact Assessment 
 Life cycle inventory data were classified and characterized using the EPA’s Tool for the 
Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI 2.1 v1.03).  
Equipment emissions from NONROADS were matched to emissions in TRACI following 
methods from Byrne et. al 201737.  Direct emissions to water, soil, and air were characterized 
directly using TRACI characterization factors (US EPA, 2015) for all nitrogen and phosphorus 
fertilizer applications and for the specific pesticides listed within the Agroforestry for Food 
datasets Because many pesticides from NASS datasets have not been characterized within TRACI, 
all pesticides not already characterized as part of the Agroforestry for Food dataset were 
aggregated into generic categories of insecticides, herbicides, and fungicides, and characterized 
using an average of the TRACI characterization factors available for chemicals within each 
category.  Such lack of characterization data reinforces a need described by Cerutti et al. 201120 
for further evaluation of the environmental impacts of the full range of commercially available 
agricultural chemicals.  Additional information on the impact characterization of agricultural 
chemicals, as well as a list of agricultural pesticides described in the NASS database that have not 
been characterized with TRACI, can be found in Appendix B. 
Data from Wolz et al. 2018 12 were used to estimate the fate of nitrogen emissions in 
perennial, corn, and soy cropping systems.  Phosphorous and pesticide fates were estimated 
according to guidelines from Audsley et al., 1997 49 (Table 9).  Note that fate parameters labelled 
with “equation”, under “Distribution” in Table 9 are dependent on other fate parameters, and are 
calculated according to equations 3 – 8, found in Appendix C. 
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Table 9: Fate parameters for fertilizer and pesticide applications, formatted as uncertainty distributions used for 
Monte Carlo Analysis 
Crop Parameter Unit Distribution Value Citation 
All 
Pesticide Application Fraction 
to Field # uniform 0.6 - 1 49 
All 
Pesticide Application Fraction 
to Air # equation  
49 
All Pesticide Deposition Fraction # uniform 0.675 - 1 49 
All Pesticide Volitilization Fraction # equation  
49 
All 
Ultimate Pesticide Fraction to 
Air # equation  
49 
All 
Pesticide Field Application to 
Soil # uniform 0.66 - 1 49 
All 
Ultimate Pesticide Fraction to 
Soil # equation  
49 
All 
Pesticide to Crop / to Water 
Ratio # uniform 3.75 - 6.25 49 
All 
Ultimate Pesticide Fraction to 
Water # equation  
49 
All 
Ultimate Pesticide Fraction to 
Crop # equation  
49 
All 
Ultimate P Fertilizer Fraction 
to Water # 
uniform 
0 - 0.09 49 
Trees and 
Shrubs Methane Field Emission kg/ha/yr normal -0.394 (0.944) 50 
Perennials 
Nitrous Oxide Volitilization 
Fraction # uniform 0.0036 - 0.0039 12 
Perennials Ammonia Runoff Fraction # uniform 0.009 - 0.041 12 
Perennials Nitrate Runoff Fraction # uniform 0.043 - 0.082 12 
Corn, Soy, 
Pasture Methane Field Emission kg/ha/yr normal -0.394 (1.03) 50 
Corn 
Nitrous Oxide Volitilization 
Fraction # uniform 0.0067 - 0.0096 12 
      
Corn Ammonia Runoff Fraction # uniform 0.0095 - 0.024 12 
Corn Nitrate Runoff Fraction # uniform 0.22 - 0.33 12 
Soy 
Nitrous Oxide Volitilization 
Fraction # uniform 0.0026 - 0.005 12 
Soy Ammonia Runoff Fraction # uniform 0.012 - 0.014 12 




Carbon dioxide sequestration by tree species (chestnuts, apples, persimmons, pecans, and  
plums) was estimated according to the procedure devised by the University of New Mexico51.  This 
is a generalized process for a variety of species which estimates the total carbon dioxide captured 
within woody biomass based on the height in feet and diameter in inches of the tree according to 
the equations: 
𝑊 = 𝐶𝐷2𝐻  
𝑀𝐶𝑂2 = (0.454)(1.2)(0.725)(0.5)(3.67)𝑊 
Where 𝑊 is the above-ground weight of the tree in pounds; C is a coefficient which will vary by 
species, but is estimated to be 0.15 where the tree’s diameter is greater than 11 inches and 0.25 
where the diameter is less than 11 inches; D is the tree’s diameter in inches, and H is the tree’s 
height in feet. 𝑀𝐶𝑂2  is the mass of carbon dioxide sequestered within the tree in kilograms, where 
W is the above ground weight of the tree; 0.454 is a conversion factor from pounds to kilograms; 
1.2 is a conversion factor that for the total weight of the tree, based on the estimate that the root 
weight is 20% of the above-ground weight; the 0.725 factor assumes a dry mass of the tree equal 
to 72.5% of the total mass; the 0.5 factor assumes that 50% of the tree’s mass is comprised of 
carbon, and the 3.67 factor is a ratio of the mass of carbon dioxide to the mass of carbon.  This 
sequestration calculation was calculated for all tree species, based a minimum and maximum 
estimate of each species’ diameter and height at the time of their removal, assuming that all 
biomass would be mulched and returned to soil organic matter.  Carbon sequestration by shrub 
species was not calculated, as the lack of a main trunk makes such estimates as those described 
above impossible.  Carbon flux from corn, soybeans, and pasture grass was assumed to be zero, as 
increased rates of carbon emissions from soils disturbed by tillage are assumed to offset carbon 
dioxide that would be captured by biomass 52. 
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 Ten TRACI impact categories – ozone depletion, global warming potential, smog, 
acidification, eutrophication, carcinogenic health effects, non-carcinogenic health effects, 
respiratory effects, ecotoxicity, and fossil fuel depletion - were characterized for each scenario and 
aggregated across different subsets of the life cycle inventory - crops, phases of production, and 
inventory category (including field emissions, and the production and use of fertilizers, pesticides, 
fuel, machinery, and other equipment) - in order to identify potential hotspots in the scenarios 
considered.  However, analysis was focused on five of these categories – global warming potential, 
eutrophication, carcinogenic and non-carcinogenic health effects, and ecotoxicity – based on 
analysis that demonstrated that these were the impact categories where changes in agricultural land 
management would have the greatest impact compared to other aspects of the United States 
economy. 
 
2.2 Production Scenarios  
 Ten production scenarios were considered: corn and soy with annual rotation (TRT 1), 4 
monoculture orchards - chestnut (TRT 2C), hazelnut (TRT 2H), apple (TRT 2A), and black currant 
(TRT 2U), and 5 alley cropped polycultures with pasture grass grown in the alleys - 
chestnut/hazelnut (TRT 3), chestnut/hazelnut/currant (TRT 4), chestnut/hazelnut/currant with 
chestnuts and hazelnuts planted at double density (TRT 5), chestnut/hazelnut/currant/apple (TRT 
6), and a mixture of native perennials (TRT 7).  Figure 1 (see chapter 1) shows the field layout of 
all ten scenarios, and Table 10 summarizes important field parameters, including tree counts per 
hectare for each scenario, and total land area of each scenario (Although impacts were assessed 
for one hectare of production, it is important to note that total land area of a farm is an important 
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to model, as it impacts other decisions made by farmers, such as whether to harvest mechanically 
or by hand – a decision modelled by the “Hand Tool Cutoff Area” parameter, described below.)   
 
Table 10: Field parameters of 10 agricultural scenarios evaluated a Primary data from UIUC Agroforestry for Food 
project.  b Data assumed 
Scenario Crop Parameter Unit Distribution Value Citation 
All All Farm Area ha uniform 0.5 - 500 b 
TRT 2 - 7 
Trees and 
Shrubs 
Hand Tool Cutoff 
Area ha uniform 87 - 394 30 




Tree Row Land 
Area ha/ha fixed value 0.1 b 
TRT 2 
Mowed 
Grass Land Area ha/ha fixed value 0.9 b 
TRT 3-7 
Pasture 
Grass Land Area ha/ha fixed value 0.9 b 
TRT 2C Chestnut Count #/ha fixed value 212.62 a 
TRT 2H Hazelnut Count #/ha fixed value 864.86 a 
TRT 2A Apple Count #/ha fixed value 864.86 a 
TRT 2U Currant Count #/ha fixed value 6612.25 a 
TRT 3 Chestnut Count #/ha fixed value 59.81 a 
TRT 3 Hazelnut Count #/ha fixed value 112.15 a 
TRT 4 Chestnut Count #/ha fixed value 59.81 a 
TRT 4 Hazelnut Count #/ha fixed value 112.15 a 
TRT 4 Currant Count #/ha fixed value 1099.07 a 
TRT 5 Chestnut Count #/ha fixed value 112.15 a 
TRT 5 Hazelnut Count #/ha fixed value 216.82 a 
TRT 5 Currant Count #/ha fixed value 942.06 a 
TRT 6 Chestnut Count #/ha fixed value 59.81 a 
TRT 6 Hazelnut Count #/ha fixed value 112.15 a 
TRT 6 Currant Count #/ha fixed value 942.06 a 
TRT 6 Apple Count #/ha fixed value 157.01 a 
TRT 7 Plum Count #/ha fixed value 29.91 a 
TRT 7 Aronia Count #/ha fixed value 543.93 a 
TRT 7 Serviceberry Count #/ha fixed value 25.7 a 
TRT 7 
American 
Hazelnut Count #/ha fixed value 29.91 a 
TRT 7 Pawpaw Count #/ha fixed value 26.64 a 
TRT 7 Elderberry Count #/ha fixed value 549.53 a 
TRT 7 Pecan Count #/ha fixed value 29.91 a 
TRT 7 Persimmon Count #/ha fixed value 29.91 a 
30 
 
The life cycle of all tree and shrub crops included the nursery, transportation, establishment, 
production, and destruction phases.  The nursery and destruction phases were excluded from the 
life cycle of field crops (corn, soy, and pasture grass).  
Grafted seedlings were produced during the nursery phase. Two forms of chestnut seedling 
production were considered: bare rootstock and container grown.  Bare rootstock seedlings are 
grown from seed in the field for two years; after which, they are harvested, wrapped in plastic, and 
shipped in cardboard boxes.  Operations and equipment used for this process included tilling, 
mulching, irrigation, pesticide application, and harvesting.   Container grown seedlings go through 
three stages of growth - first, in cold storage in seed trays for 3-4 months, second, in temperature-
controlled greenhouses for another 6 months, third, outdoors for 9 months in 3-gallon containers 
which they are then shipped in.  Operations and equipment used for this process included plastic 
trays and pots, greenhouse and cold storage structural materials, fertilizer, pesticide, irrigation, bed 
liners, and winter coverings. The nursery process will vary for other perennial crops but was 
considered a sufficient proxy to model the environmental effects of the nursery stage on a per plant 
basis.  
The establishment phase of all crops consisted of all field activities from planting through 
the beginning of food production.  For woody crops, this included planting and all fertilization, 
pesticide application, weed mowing, and machinery operations conducted during their non-
productive years.  For field crops, this included all planting and field preparation activities 
(annually for corn and soy, one time for pasture grass, which produces perennially), including 
tilling and seeding the field, and all pre-planting fertilization and pest management. 
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The production phase of all woody crops began with their first year of low production and 
continued through the end of their lifespan or the 50-year scenario.  Operations considered during 
this phase were similar to the establishment phase, with the addition of harvesting.  Harvesting 
equipment was selected based on a cutoff field area, modelled under uncertainty. Trials with land 
area under the cutoff area were assumed to be harvested using hand tools and trials over it were 
assumed to be harvested mechanically, based on financial decision making 30.  Machinery selected 
for mechanical harvesting varied based on crop type - nut crops were assumed to be harvested 
using a tree shaker, nut sweeper, and nut harvester, large fruit such as apples and plums used a tree 
shaker with a net, and berries used a side row berry harvester.  Hand harvesting impacts were 
assumed to be negligible.  Pasture grass was assumed to enter full production after one non-
productive year and continued for the rest of its lifespan.  Management included cutting, tedding, 
windrowing, baling, and all associated machinery maintenance.  CSR production was considered 
to begin after planting and included fertilization, pesticide application, harvesting by combine, and 
associated machinery maintenance. 
The destruction phase included the removal of all woody crops by forestry harvester, either 
at the end of their useful life or the 50-year scenario duration.   
 
2.3 Uncertainty and Sensitivity Analysis 
 Uncertainty analysis was conducted using Monte Carlo with 10,000 simulations for each 
of the ten scenarios, implemented in Python v3.6.1.  Uncertainty in management across all phases 
(e.g. chemical application rates, equipment selection), crop characteristics (e.g. lifespan, maximum 
yield), field characteristics (e.g. total area in production, chemical runoff fractions), and machinery 
selection (e.g. hand tools vs. mechanical tools, specific machines used) was quantified using 
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uniform, triangular, or uniform integer distributions.  Where only a single expected value was 
available in literature, a uniform distribution was used, with minimum and maximum values 
calculated as +/- 25% of the expected value, with the exception of caloric values, where a uniform 
distribution +/- 10% was used. Where multiple data points were available, a histogram was created 
to assess the most reasonable probability distribution.  These histograms were created with a 
number of bins equal to the number of data points, divided by three, and rounded down.  A 
distribution was then selected that most accurately approximated the shape of the histogram.  The 
uniform and triangular distribution parameters were then created such that the minimum and 
maximum data points of the dataset reflected the 5th and 95th percentiles of the probability 
distribution. 
Selection of application rates for fertilizers and pesticides from these probability 
distributions were correlated using two parameters, fertilizer percentile and pesticide percentile.  
This was done to reflect the fact that a farmer who liberally applies nutrients or pesticides will 
likely do so across all nutrients and pesticides, rather than heavily favoring one.  
Sensitivity analysis for all TRACI characterization factors to uncertain parameters was 
conducted using Spearman’s rank correlation coefficients, which measures the strength and 








3. Results and Discussion 
3.1 System Boundary Selection 
3.1.1 Life Cycle Phases 
 All impact categories were dominated by the production phase of the life cycle of one 
hectare of each of the ten scenarios, using both the high input and low input data sets (figures 3 
and 4) - with the exception of the currant monoculture (TRT 2U), where global warming potential 
(GWP) was dominated by the destruction phase.  This exception was due to TRT 2U containing 
~6x the number of plants requiring heavy machinery for removal relative to the other scenarios, 
which scaled the GWP impacts of the destruction phase proportionally, coupled with relatively un-
intensive management of currants during the production phase, due to low pest pressure and short 
lifespan.  Eutrophication, ecotoxicity, and health impacts of this scenario were still dominated by 
the production phase. Among the other nine scenarios, the production phase accounted for 97.6% 
of the median contribution of CSR to GWP, 62.5 – 93.0% of the GWP of the monoculture orchards 
across both data sets, and 70.2 – 88.7% of the GWP of the as; production accounted for 99.6% of 
median eutrophication potential (EP) of CSR, 30.1 – 96.0 % of EP of the monoculture orchards, 
and 44.9 – 91.4% of EP of the MWPs; production accounted for 100% of the median contribution 
of CSR to ecotoxicity (ET), 66.4 – 99.8% of ET for monoculture orchards, and 71.0 – 99.5% of 
ET for MWPs. From scenarios evaluated using the low-input data set, the establishment phase 
frequently contributed a significant percentage of total GWP (4.6 – 19.5%), EP (3.1 – 63.2%), and 
ET (21.1 – 33.6%) of all perennial scenarios – resulting from intensive application of fertilizers 
and pesticides early in the crops’ lifespans to ensure survival to production, but relatively low 
intensity management during the longer production phase.  
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Figure 3: Median impacts of one hectare each scenario by life cycle phase using the high input dataset, with the 10 th 
and 90th percentiles of total impact for each scenario indicated. 
 
Figure 4: Median impacts of one hectare of each scenario by life cycle phase using the low input dataset, with the 
10th and 90th percentiles of total impact for each scenario indicated. 
 
When bare rootstock seedlings were selected as the product of the nursery phase, it 
accounted for less than 1% of all scenarios impacts in all categories.  When container grown 
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seedlings were produced, the nursery stage accounted for 14.5% and 3.3% of the GWP of TRT 2U 
under the low and high input management regimes, respectively.  Container grown seedling 
production in the nursery phase accounted for a greater than 1% median GWP and EP in TRT 2U 
and all a scenarios (TRTs 3-7) under the low input management regime. The absolute contributions 
of the bare rootstock and container grown nursery phases are compared in figure 5. The increased 
impacts of the container grown nursery phase are largely attributable to the production of plastic 
used for the containers, as well as the increased volume of growth media – including sand, wood 
chips, and bark chips – involved in this production process.  These impacts are most noticeable in 
TRT 2U due to the significantly higher number of seedlings planted, discussed above, which 
results in significantly more plastic pots and growth media being used in the production of 
seedlings. 
 
Figure 5: Comparison of absolute impacts of bare rootstock (NBR) and container grown (NCG) nursery phases 
across all impact categories 
 
Transportation of materials accounted for 1.3 – 6.5% of GWP across all scenarios and 
datasets and contributed <1.5% of the EP and ET. 
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These results are consistent with suggestions made by Bessou et. al. 201319 and Cerutti et. 
al. 201120 that all life cycle phases, not just the production phase, should be included in the 
assessment of perennial agriculture systems.  There are, however, several stipulations that can be 
made to justify the exclusion of particular phases.  The nursery phase can likely be excluded in 
instances where seedlings are shipped as bare rootstocks, rather than in plastic containers.  The 
nursery phase of seedlings shipped in containers should be included in analysis and becomes more 
relevant as the number of seedlings to be shipped increases – as this phase is most impactful based 
on the quantity of plastic and growth media required.  Container grown nursery production 
becomes particularly relevant when the number of seedlings to be considered, per functional unit, 
is on the order of thousands rather than hundreds.  The destruction phase of perennial crops is 
similarly related to the number of plants being considered per functional unit – again becoming 
particularly relevant when on the order of thousands – as a result of the increased time and heavy 
machinery use required for the removal of plants.  Transportation of materials should always be 
included, as it is likely to be a significant contributor to GWP.  Likewise, the establishment and 
production phases should always be included in LCA of perennial crops, as their duration and 
intensity of management activities generally produce most of the environmental impacts resulting 
from perennial agriculture.  Management activities of particular relevance to these systems will be 
discussed in the next section.  
3.1.2 Inventory Data 
 Life cycle impacts of agriculture are highly dependent on crop management decisions 
related to chemical applications and machinery use, irrespective of the crops which are planted. 
This is clearly demonstrated in comparing the results from the high and low input datasets in 
figures 6 and 7 below (note: the CSR scenario was unchanged between datasets, relying 
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exclusively on the national datasets that were the basis of the high input scenarios, and is presented 
in both figures as a benchmark for easy comparison across figures.)  Under the high input 
scenarios, the monoculture orchards and MWPs typically produce total environmental impacts 
equivalent to or greater than those produced by CSR, whereas the same scenarios typically produce 
impacts less than those of CSR under the low input management regimes.  This difference is 
largely attributable to the production and use of fertilizers and pesticides. 
 Relevant drivers of environmental impacts are extremely category dependent – but are 
largely attributable to emissions from fossil fuels burned by agricultural machinery, and from the 
production and use of fertilizers and pesticides.  GWP had between 5.5 – 58.2% median 
contribution from fuel emissions on a per hectare basis, 2.5 – 47.3% median contribution from 
fertilizer production, and 3.5 – 70.9% median contribution from pesticide production. EP had 
between 3.1 – 68.1% median contribution from pesticide production, and 18.8 - 83.8% 
contribution from fertilizer-derived emissions. Between 88.1 – 99.5% of ecotoxicity impacts 
resulted from application-based pesticide emissions. Given these wide ranges, it is clear that the 
detrimental environmental impacts associated with fossil fuels, fertilizers, and pesticides in 
agriculture are highly dependent on both the quantity used and the magnitude of impact resulting 
from the use of particular chemicals.  See figures 22 – 40 in Appendix D for an evaluation of the 
ranges of the use rates and unit impacts of these categories.  
 Outside of the categories discussed above, relatively little environmental impact was 
observed.  The production of agricultural machinery 1.1 –21.6% of carcinogenic health impacts in 
the high input scenarios, and 3.7 – 43.8% in low input scenarios, and is a major driver of this 
category in instances where chemical inputs are low and management relies on several pieces of 
heavy machinery (e.g. MWPs with several pieces of mechanical harvesting equipment).  Other 
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materials - such as plastics from seedling containers, seedling growth media, irrigation pipes at the 
nursery, etc. - comprised a relatively small fraction of the total impacts.  This is due both to 
relatively small unit impacts of these materials, and the fact that these materials typically play the 
largest role in the nursery and destruction phases of life, where the total impact is largely governed 
by the total number of plants these inventory items are associated with, as explained in section 
3.1.1.  As such, these items contribute significantly to the GWP attributed to TRT 2U (56.4 – 
60.1%), and relatively little (<10%) to other impact categories and scenarios. 
 
 
Figure 6: Median impacts of one hectare of each scenario by inventory category using the high input dataset, with the 





Figure 7: Median impacts of one hectare of each scenario by inventory category using the low input dataset, with the 
10th and 90th percentiles of total impact for each scenario indicated. 
 
3.2 Data Sourcing 
 Due to the importance of management decisions regarding agricultural chemicals and 
machinery in driving environmental impacts, and the variability of these decisions based on farmer 
preference, spatiotemporal requirements, and crop requirements, data must be tailored extremely 
specifically to the goal and scope of a specific life cycle assessment.  While sourcing data for the 
full life cycle of perennial crops is challenging, due to their often decades long lifespan, it is 
important the capture data at a resolution commensurate with the goals of the study.  For example, 
while a national dataset, such as that provided by the NASS, may be appropriate for a national 
evaluation or international comparison of agriculturally derived environmental impacts, the level 
of variation in management across individual farms is liable to be so great that such a dataset would 
be wholly inappropriate for use in evaluating the environmental impacts attributable to an 
individual farm, like the Agroforestry for Food field trials.  This fact can be seen clearly in 
comparing the high-input scenarios derived from NASS data and the low-input scenarios derived 
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from Agroforestry for Food management projections.  Thus, while a modular approach, like the 
one taken in developing the high-input data set, “can be considered as the minimum requirement 
to account for the perennial cropping cycle” 19, it may be preferable to instead restrict and specify 
the scope of a given Life Cycle Assessment if the data gathered through this approach will fail to 
accurately reflect the management practices of a given scenario through its entire life cycle.  
 
3.3 Functional Unit Selection 
 Impacts of all scenarios were evaluated according to two functional units – one hectare of 
production and one kilocalorie of production.  Due to the multiple species present in the a scenarios, 
normalization to of scenario impacts to one kilocalorie was achieved by two procedures, 
normalization to total calories of the scenario, and normalization to calorie production of 
individual species (see equations 1 and 2 in section 2.1.1). This difference in procedure impacted 
allocation of impacts between crops, as demonstrated in figures 8 and 9 (e.g. normalizing directly 
to total scenario calories, pecans make up a significant fraction of the total impact of TRT 7 under 
the high input dataset, whereas this scenario’s impacts are dominated by less caloric plums when 
allocating impact based on individual species calorie production). However, the total impact of the 
scenario on a per calorie basis, as well as the distribution of impacts across inventory categories 
and life cycle phases were largely unaffected (see figures 14 21 in Appendix D). 
 As discussed in Nemecek et al., 2011, use of a land area functional unit is highly effective 
for evaluating environmental impacts as they relate to land management, whereas an energy based 
functional unit can be a beneficial perspective from the consumer’s point of view, either for food 
energy or bioenergy feedstocks.  However, for the sake of evaluating complex agroforestry 
scenarios, such as MWP, for the sake of systemic improvement of the environmental outcomes 
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associated with food production, an area based functional unit is preferable.  When considering 
relative impacts according to an energy based functional unit, highly impactful management 
practices can be obscured by high yielding crops, such as corn, or highly caloric crops, such as 
soybeans, relative to crops grown under management regimes which are less impactful overall. 
 
 
Figure 8: Median impacts normalized to one calorie of individual species, grouped by crop using the high input 
dataset, with the 10th and 90th percentiles of total impact for each scenario indicated. 
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Figure 9: Median impacts normalized to one calorie of the total production, grouped by crop using the high input 
dataset, with the 10th and 90th percentiles of total impact for each scenario indicated. 
 
Figure 10: Median impacts of one hectare of each scenario grouped by crop using the high input dataset, with the 





Allocation also becomes complicated when using an energy based functional unit to evaluate 
complex agroecosystems, such as MWP – as demonstrated by the different methods devised for 
this paper – and becomes increasingly complex if other nutritional concerns are introduced, such 
as protein content, nutrient content, etc.20.  Due to these concerns, it is likely simpler to treat energy 
and nutrient production of complex agricultural systems as a separate output, to be evaluated in 
tandem with environmental impacts like GWP, rather than as a functional unit.  However, an 
energy based functional unit can be highly beneficial for in depth comparison of individual crop 
species, as with planting monoculture agroecosystems, or variations in nutritional outcomes of a 
single species based on management practices, as with evaluating tradeoffs between nutrient 
applications and yield or energy density of crops. 
 
3.4 Ecosystem Services 
3.4.1 Nutrient Runoff Reduction 
 Results of this study are consistent with the proposed benefit of perennial agroecosystems 
for reducing nutrient runoff and the associated eutrophication of waterways.  Sensitivity analysis 
revealed that EP was most highly correlated with the fraction of applied phosphorous fertilizer 
reaching waterways, fertilizer application rate (i.e. the fertilizer percentile parameter discussed in 
section 2.3), and the fraction of ammonium reaching waterways, with median Spearman’s ranked 
correlation coefficients across all scenarios of 0.53, 0.39, and 0.13 respectively.  The high 
correlation of phosphorous runoff with EP speaks to an area where woody perennial 
agroecosystems may be particularly beneficial – as phosphorous loss to waterways is driven by 
soil erosion 49, which is substantially reduced in perennial agriculture due to no-till management 
and the crops’ deep root systems 6,8.  However, the high correlation of EP to fertilizer application 
44 
rate suggests that the benefits of perennial agroforestry ecosystems may be more directly related 
to the reduced requirements of these species for fertilizer input, rather than an improved capture 
of applied nutrients – especially as it relates to nitrogen fertilizer applications.   
 
3.4.2 Carbon Sequestration 
 Analysis of tree carbon sequestration capabilities estimated that the species grown in the 
Agroforestry for Food trials could sequester anywhere between 97.7 kg of carbon dioxide, for a 
small plum tree, to 32,501.2 kg, for a large pecan tree (Table 11).  Compared with the range of 
29,170.95 – 161,088.5 kg for the 90th percentile of CO2 emissions from all scenarios modelled, 
and the maximum of 566,745.3 kg of CO2 emissions from any scenario, these values demonstrate 
a significant potential for tree crops to offset the carbon emissions associated with their life cycles, 
as well as potentially sequestering additional carbon.  For example, based on these values, TRT 
2C, a monoculture chestnut orchard, would sequester between 830,578.2 and 2,441,899.8 kg of 
CO2 per hectare over the course of a 50-year lifespan. 
 
Table 11: Estimated size of tree species considered after 50 years of growth and associated mass of carbon dioxide 



















Chestnut 40 60 30 42 3906.4 11484.8 38,53 
Apple 13 30 10 14 470.2 638.0 38,53 
Persimmon 35 60 8 20 243.1 2604.3 38,53 
Pecan 65 130 24 48 4062.7 32501.2 38,53 
Plum 15 20 6 9 97.7 293.0 38,53 
 
 Based on these estimates, carbon sequestration in woody biomass is an important parameter 
to consider in life cycle assessment of perennial agriculture systems.  However, these potential 
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benefits must be considered in the full context of the carbon cycle and the life cycle of these tree 
species.  For example, biomass that is returned to the soil as mulch will be broken down by 
microorganisms and produce carbon emissions that will gradually offset these benefits.  Biomass 
that is burned as fuel will offset these benefits even more rapidly.  This fact further emphasizes the 
need of life cycle assessment of perennial agriculture to account for all life cycle phases of all 
potential byproducts of these systems. 
 
3.4.3 Pesticide Input Reduction 
 Comparison of the high input and low input scenarios demonstrates that significant benefit 
can be realized across all impact categories considered through reduced reliance on pesticides – 
with pesticide production being a key driver of GWP, EP, and carcinogenic health effects, and 
pesticide emissions being a major driver of non-carcinogenic health effects and ET.  This benefit 
was realized across all perennial agroecosystems studied.  However, it is unclear if such reduction 
in pesticide applications becomes viable as a result of mutualistic interactions within polycultures, 
as such ecological modelling was beyond the scope of this study, or if it must rely on growing 









4. Implications for Future Research 
4.1 LCA Methodology 
4.1.1 Pesticide Impact Specificity 
 As described in section 2.1.3, there is a significant lack of information available 
characterizing the variety of pesticides used in the agricultural sector.  Continued efforts to assess 
the environmental impacts of these chemicals is essential to the state of agricultural life cycle 
assessment, as averaged characterization values, such as those used in this study, are insufficient 
to effectively assess the impacts of chemicals whose impacts may vary by several orders of 
magnitude.  Additionally, given the substantial impact across multiple categories demonstrated by 
pesticide production and application, improved evaluation of these chemicals’ downstream 
impacts could greatly assist efforts to make agricultural production more sustainable by making 
farmers aware of the most environmentally friendly alternatives to suit their crop management 
needs.    
 
4.1.2 Quantification of Ecosystem Services 
 Significant work still remains in bridging the gap between ecological and biogeochemical 
modelling and life cycle assessment.  This work demonstrated that life cycle benefits can be 
realized through the ecosystem services provided by biodiverse and perennial agroecosystems, 
however, it is necessary to further assess and refine the methods used here. 
 First, assumptions regarding the fates of applied agricultural nutrients and chemicals must 
be evaluated.  Assumptions in this study were based on empirical fate fractions, derived from 
literature, rather than mechanistic biogeochemical models.  Further efforts to understand and 
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model the fates of agricultural chemicals are essential to improving the state of agricultural life 
cycle assessment. 
 Second, the viability of reducing pesticide applications based on ecological interactions in 
biodiverse agroecosystems and lack of natural pest pressure on modelled species was assumed but 
is not guaranteed.  Fully evaluating the environmental outcomes of agroecosystems, particularly 
highly biodiverse ones, will require the integration of ecological models into a quantitative 
framework such as LCA. 
 Finally, although this work demonstrated that the carbon dioxide sequestered by a variety 
of tree species is equivalent to or greater than that released through farm activities, the full carbon 
cycle and full life cycle of the trees were not taken into account.  Additionally, calculations for 
carbon dioxide sequestration were based on a generalized formula, which may not be appropriate 
for all tree species, given variations in biomass density, growing regions, etc.  A complete 
evaluation of the carbon sequestration potential of woody perennial agroecosystems must consider 
such variation, as well as additional details of the carbon cycle, including CO2 emissions from leaf 
litter and other woody debris, the fate of the woody biomass at the end of the tree’s productive 
lifespan, etc. 
 
4.1.3 Functional Units 
 While an area based functional unit is likely the most effective for systemic evaluation of 
the environmental impacts of agriculture, other questions, such as those relating to food security 
or farmer decision making may be more effectively addressed by studies using other functional 
units, such as energy or money.  While energy is not an ideal functional unit for evaluating complex 
agroecosystems due to allocation concerns, as discussed in section 3.3, it could be effectively 
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deployed for evaluating tradeoffs between environmental and nutritional outcomes in a single crop.  
A monetary functional unit, such as dollars of profit, while complicated by fluctuating market 
conditions and lack of data for agroforestry crops, is likely the most relevant to farmer decision 
making, as financial concerns are a substantial barrier to entry for farmers interested in making a 
land use transition to agroforestry practices53.  As such, gathering data from farmers already 
participating in these markets would be of benefit to inform other farmers and to evaluate the 
implications of such land use transitions in terms with practical importance to those most actively 
engaged in making land management decisions. 
   
4.2 Agroecosystem Management 
4.2.1 Yield Considerations 
 While this work demonstrated that reduction in fertilizer and pesticide use could have 
significant environmental benefits, it is important to recognize that such reductions could have 
consequences for crop yield and farmer livelihood.  Future studies seeking to make 
recommendations for best management practices or land use transitions must consider this 
tradeoff.  While studies have been conducted which link nutrient and pesticide applications to 
expected yields of common field crops like corn54, such studies are uncommon for perennial 
agriculture, and would be beneficial to advancing the cause of biodiverse agroforestry systems. 
 
4.2.2 Evaluation of Post-Harvest Processing 
 An additional proposed benefit of perennial agroecosystems is the reduction in 
environmental impacts attributable to post-harvest processing of food products.  ARC such as corn 
and soy are rarely sent to market as finished products but are instead processed into other consumer 
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goods such as soybean oil, high fructose corn syrup, etc. whereas fruits, nuts, and berries can often 
be shipped to market with minimal post-harvest processing.  A complete life cycle comparison of 
perennial agriculture with ARC must consider the variety of post-harvest processing which may 






















 While research has demonstrated the potential for perennial polyculture systems to improve 
environmental outcomes while continuing to yield high value crops, significant work remains in 
order to bridge the gap between ecological observations and a consensus model for quantitative 
analysis of the life cycle impacts of agroecosystems.  This work sought to evaluate a variety of 
methodological decisions which are important to consider in conducting life cycle assessment 
across a variety of different agroecosystems, including annual monocultures, perennial 
monocultures (i.e. orchards), and perennial polycultures.  This goal was accomplished by 
conducting a comparative LCA of ten scenarios, considering a variety of methodological 
alternatives, including system boundaries, included inventory, functional unit, data sources, and 
integration of ecosystem services. 
  Several important conclusions can be made from this work.  First, while a complete LCA 
of perennial crops should include all phases of the life cycle - including the nursery, transportation, 
establishment, production, and destruction phases – under most circumstances, the establishment 
and production phases will capture the majority of environmental impacts resulting from a given 
crop.  If bare rootstock seedlings are produced, the nursery phase can likely be excluded entirely, 
but if seedlings are grown in plastic containers, the nursery phase can become relevant to the total 
impacts if a very large number of containers (on the order of thousands) are used per functional 
unit (as was the case with TRT 2U).  Similarly, the destruction phase can become a significant 
portion of the total impacts when the number of individual trees to be removed is very high.  For 
complete comparison of  the life cycle environmental impacts of perennial and annual crops, 
further study must be done on the impacts of the various post-harvest processes which these crops 
undergo. 
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 Negative impacts from all scenarios were primarily attributable to emissions from fuel use 
and from the production and use of pesticides and fertilizers, thus, these inventory items should 
always be taken into account while conducting agricultural LCA.  By contrast, field emissions, 
fuel production, agricultural machinery, and other materials (such as building and irrigation 
infrastructure at the nursery) contributed relatively little to total life cycle impacts.  While this 
suggests that management strategy may play a more significant role in mitigation of negative 
environmental impacts that crop selection, land use transition to perennial polycultures may still 
contribute to the process based on their ecological capabilities – naturally requiring less fertilizer 
and pesticide than annual crop species due to better nutrient uptake capabilities and lower natural 
pest pressure.  Better understanding and quantification of such ecosystem services will be essential 
to the future advancement of LCA of perennial polyculture agroecosystems. 
 While several functional units are possible for agricultural LCA, an area based functional 
unit is the most broadly applicable and useful for quantifying the impacts of systemic land use 
transition.  An energy or nutrition based functional unit is potentially useful in quantifying 
systemic tradeoffs between land management strategies, such as fertilizer application rate, and 
yield of a single crop or across several species but is less useful for evaluating systemic impacts 
of full agroecosystems.  A monetary functional unit, such as dollars of profit, would be the most 
relevant to farmer decision making but will require additional market research of the different 
perennial species being grown. 
 Finally, this work demonstrated substantial potential for tree crops to be used for 
sequestering carbon dioxide in woody biomass, offsetting emissions associated with agricultural 
production.  This fact suggests that carbon sequestration in biomass is an essential parameter to be 
included in LCA, when considering tree crops.  However, further research must be done on carbon 
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cycling in agroecosystems, including carbon fluxes resulting from the degradation of tree litter, 
uses of woody biomass after the trees are removed, etc. in order to verify and further contextualize 
these results.  
 While we are still far from a consensus model on the appropriate methodology by which 
to conduct LCA across the wide variety of agroecosystems in the world, it is our hope that the 
results presented here can advance the methods by which we evaluate our agricultural systems and 
help drive a more sustainable future. 
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Appendix A - Ecoinvent Processes  
Table 12: Material processes used from ecoinvent database 
Inventory Item Inventory Category Applicable ecoinvent Process 
Aluminum Other Aluminium, primary, ingot {CA-QC} 
production, Alloc Def, U + Impact 
extrusion of aluminium, 1 stroke {RER} 
processing, Alloc Def, U 
Bark Chips Other Bark chips, wet, measured as dry mass 
{CH}| debarking, softwood | Alloc Def, 
U  
Cast Iron Other Cast iron {RER}| production | Alloc 
Def, U 
Copper Sulfate Production Other Copper sulfate {GLO}| production | 
Alloc Def, U 
Diesel Production Fuel Production Diesel {Europe without Switzerland}| 
petroleum refinery operation | Alloc 
Def, U + Diesel {Europe without 
Switzerland}| market for | Alloc Def, U 
Diesel Use Fuel Emissions Based on Values from Byrne et. al., 
2017 
Door Production Other Door, outer, wood-glass {RER} 
production, Alloc Def, U (eco 3) 
Electricity Other Electricity, high voltage {WECC, US 
only}| electricity production, hard coal 
| Alloc Def, U 
Laminated Timber Other Glued laminated timber, for outdoor 
use {RER} production, Alloc Def, U 
Nitrogen Fertilizer Production Fertilizer Production Nitrogen fertiliser, as N {RER}| calcium 
ammonium nitrate production | Alloc 
Def, U (26%) 
Pesticide Application Other Application of plant protection 
product, by field sprayer {CH}| 
processing | Alloc Def, U  
Pesticide Production Pesticide Production Pesticide, unspecified {RER}| 
production | Alloc Def, U  
Petrol Production Fuel Production Petrol, unleaded {CH}| petroleum 
refinery operation | Alloc Def, U + 
Petrol, unleaded {RER}| market for | 
Alloc Def, U 




Fertilizer Production Phosphate fertiliser, as P2O5 {RER}| 
single superphosphate production | 
Alloc Def, U (21%) 
Planting Other Planting {CH}| processing | Alloc Def, 
U 
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Table 12 (cont.)  
 
Polyethylene Other Polyethylene, high density, granulate 
{RER}| production | Alloc Def, U 
Polypropylene Other Polypropylene, granulate {RER}| 
production | Alloc Def, U 
Polystyrene Other Polystyrene, general purpose {RER} 
production, Alloc Def, U 
Potassium Chloride Fertilizer 
Production 
Fertilizer Production Potassium chloride, as K2O {RER}| 
potassium chloride production | Alloc 
Def, U (0-0-60) 
Propane Other Propane {CA-AB}| natural gas 
production | Alloc Def, U (of project 
Ecoinvent 3 - allocation, default - unit) 
Sand Other Sand {CH}| gravel and quarry 
operation | Alloc Def, U  
Tillage Other Tillage, ploughing {CH}| processing | 
Alloc Def, U 
Tractor Production Other Tractor, 4-wheel, agricultural {CH}| 
production | Alloc Def, U 
Tree Harvesting Other Harvesting, forestry harvester {RER}| 
harvesting, forestry harvester | Alloc 
Def, U 
Machinery and Tools Machinery Production And 
Maintenance 
Agricultural machinery, unspecified 
{CH}| production | Alloc Def, U 
Wood Chips Other Wood chips, wet, measured as dry 
mass {CH}| wood chips production, 











Appendix B - TRACI characterization factors 
Tables 13 – 15 summarize the impact characterizations from the TRACI 2.1 Excel 
document which were used to characterize specific agricultural pollutant emissions to air, water, 
and soil, respectively 48.  Table 16 lists the chemicals characterized in this manner and the 
inventory category which they were grouped into for purposes of summarizing results. 
  
Table 13: TRACI 2.1 Factors for Emissions to Air 
Impact Category Described in Study Impact Category Listed in TRACI 2.1 Document 
Ozone Depletion (kg CFC11 eq) Ozone Depletion Air (kg CFC-11 eq / kg substance) 
Global Warming Potential (kg CO2 eq) Global Warming Air (kg CO2 eq / kg substance) 
Smog (kg O3 eq) Smog Air (kg O3 eq / kg substance) 
Acidification (kg SO2 eq) Acidification Air (kg SO2 eq / kg substance) 
Eutrophication (kg N eq) Eutrophication Air (kg N eq / kg substance) 
Carcinogenic Health Effects (CTUh) Human health CF  [CTUcancer/kg], Emission to cont. rural air, cancer 
Non-Carcinogenic Health Effects 
(CTUh) 
Human health CF  [CTUnoncancer/kg], Emission to cont. rural air, non-
canc. 
Respiratory Effects (kg PM2.5 eq) HH Particulate Air (PM2.5 eq / kg substance) 
Ecotoxicity (CTUe) Ecotox. CF [CTUeco/kg], Em.airC, freshwater 
Fossil Fuel Depletion (MJ surplus) N/A 
 
Table 14: TRACI 2.1 Factors for Emissions to Water 
Impact Category Described in Study Impact Category Listed in TRACI 2.1 Document 
Ozone Depletion (kg CFC11 eq) N/A 
Global Warming Potential (kg CO2 eq) N/A 
Smog (kg O3 eq) N/A 
Acidification (kg SO2 eq) N/A 
Eutrophication (kg N eq) Eutrophication Water (kg N eq / kg substance) 
Carcinogenic Health Effects (CTUh) Human health CF  [CTUcancer/kg], Emission to cont. freshwater, cancer 
Non-Carcinogenic Health Effects 
(CTUh) 
Human health CF  [CTUnoncancer/kg], Emission to cont. freshwater, 
non-canc. 
Table 14 (cont.)  
Respiratory Effects (kg PM2.5 eq) N/A 
Ecotoxicity (CTUe) Ecotox. CF [CTUeco/kg], Em.fr.waterC, freshwater 
Fossil Fuel Depletion (MJ surplus) N/A 
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Table 15: TRACI 2.1 Factors for Emissions to Soil 
Impact Category Described in Study Impact Category Listed in TRACI 2.1 Document 
Ozone Depletion (kg CFC11 eq) N/A 
Global Warming Potential (kg CO2 eq) N/A 
Smog (kg O3 eq) N/A 
Acidification (kg SO2 eq) N/A 
Eutrophication (kg N eq) N/A 
Carcinogenic Health Effects (CTUh) Human health CF  [CTUcancer/kg], Emission to cont. agric. Soil, cancer 
Non-Carcinogenics Health Effects 
(CTUh) 
Human health CF  [CTUnoncancer/kg], Emission to cont. agric. Soil, 
non-canc. 
Respiratory Effects (kg PM2.5 eq) N/A 
Ecotoxicity (CTUe) Ecotox. CF [CTUeco/kg], Em.agr.soilC, freshwater 
Fossil Fuel Depletion (MJ surplus) N/A 
 
Table 16: Inventory items characterized directly through TRACI 2.1, and associated inventory categories 
Substance Characterized Inventory Category 
Acetochlor Pesticide Emissions 
Acrylamide Other 
Ammonium Fertilizer Emissions 
Atrazine Pesticide Emissions 
Clopyralid Pesticide Emissions 
Flumioxazin Pesticide Emissions 
Glyphosate Pesticide Emissions 
Imazethapyr Pesticide Emissions 
Methane Field Emissions 
Nitrate Fertilizer Emissions 
Nitrous Oxide Fertilizer Emissions 
Oryzalin Pesticide Emissions 
Phosphate Fertilizer Emissions 
Sethoxydim Pesticide Emissions 
Simazine Pesticide Emissions 






 Table 17 lists the chemicals used to create average pesticide characterization factors to be 
applied to those pesticides not found in TRACI 2.1.  These lists are comprised of the chemicals 
which were most heavily applied to the crops studies over the last 30 years, based on the NASS 
chemical applications datasets and divided into categories of herbicides, pesticides, and 
insecticides according to the NASS.  Tables 18 - 20 lists the calculated characterization values 
used for herbicides, insecticides, and pesticides to air water and soil.  Table 21 lists the chemicals 
not available in TRACI 2.1 which were characterized according to this method, and the category 
of pesticide they were characterized by. 
 
Table 17: Chemicals used to create an average environmental impact characterization for herbicides, insecticides, 
and fungicides 
Herbicides Insecticides Fungicides 




Alachlor Carbaryl Fosetyl-al 
Atrazine Carbofuran Mancozeb 
Diuron Chlorpyrifos Metiram 
Glyphosate Diazinon Propiconazole 
Metolachlor Dimethoate Ziram 




Paraquat Malathion  
Simazine Phosmet  
 Propargite  








Table 18 : Characterizations of averaged herbicide impacts to air, water, and soil 
Impact Category Herbicide to Air Herbicide to Water Herbicide to Soil 
Ozone Depletion (kg CFC11 eq) 0 0 0 
Global Warming Potential (kg CO2 eq) 0 0 0 
Smog (kg O3 eq) 0 0 0 
Acidification (kg SO2 eq) 0 0 0 
Eutrophication (kg N eq) 0 0 0 
Carcinogenic Health Effects (CTUh) 1.09E-07 3.39E-07 9.36E-08 
Non-Carcinogenics Health Effects 
(CTUh) 1.26E-05 9.57E-05 1.75E-06 
Respiratory Effects (kg PM2.5 eq) 0 0 0 
Ecotoxicity (CTUe) 2.55E+03 7.66E+04 5.63E+03 
Fossil Fuel Depletion (MJ surplus) 0 0 0 
 
Table 19 : Characterizations of averaged insecticide impacts to air, water, and soil 
Impact Category Insecticide to Air Insecticide to Water Insecticide to Soil 
Ozone Depletion (kg CFC11 eq) 0 0 0 
Global Warming Potential (kg CO2 eq) 0 0 0 
Smog (kg O3 eq) 0 0 0 
Acidification (kg SO2 eq) 0 0 0 
Eutrophication (kg N eq) 0 0 0 
Carcinogenic Health Effects (CTUh) 1.88E-07 5.45E-07 7.85E-08 
Non-Carcinogenics Health Effects 
(CTUh) 1.51E-05 1.99E-04 4.24E-05 
Respiratory Effects (kg PM2.5 eq) 0 0 0 
Ecotoxicity (CTUe) 7.43E+03 8.89E+05 5.65E+04 









Table 20:  Characterizations of averaged fungicide impacts to air, water, and soil 
Impact Category Fungicide to Air Fungicide to Water Fungicide to Soil 
Ozone Depletion (kg CFC11 eq) 0 0 0 
Global Warming Potential (kg CO2 eq) 0 0 0 
Smog (kg O3 eq) 0 0 0 
Acidification (kg SO2 eq) 0 0 0 
Eutrophication (kg N eq) 0 0 0 
Carcinogenic Health Effects (CTUh) 6.22E-08 3.79E-07 3.42E-08 
Non-Carcinogenics Health Effects 
(CTUh) 1.02E-06 5.44E-06 3.94E-07 
Respiratory Effects (kg PM2.5 eq) 0 0 0 
Ecotoxicity (CTUe) 1.23E+04 2.34E+05 1.21E+04 
Fossil Fuel Depletion (MJ surplus) 0 0 0 
 
Table 21: List of agricultural chemicals not available in TRACI 2.1 and associated agricultural use 
Chemical Pesticide Type 
2,4-D, 2-EHE Herbicide 
2,4-D, DIMETH. SALT Herbicide 
ABAMECTIN Insecticide 
ACETAMIPRID Insecticide 
ACIFLUORFEN, SODIUM Herbicide 










CLOPYRALID MONO SALT Herbicide 
CLORANSULAM-METHYL Herbicide 
CLOTHIANIDIN Insecticide 
COPPER CHLORIDE HYD. Fungicide 
COPPER HYDROXIDE Fungicide 
COPPER OXIDE Fungicide 
COPPER SULFATE Fungicide 
CYFLUFENAMID Fungicide 
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Table 21 (cont.)  
CYPROCONAZOLE Fungicide 
CYPRODINIL Fungicide 
DICAMBA, DIGLY. SALT Herbicide 
DICAMBA, DIMET. SALT Herbicide 
DICAMBA, SODIUM SALT Herbicide 

























METHYL PARATHION Insecticide 
MONO-POTASSIUM SALT Fungicide 
NOVALURON Insecticide 
OXYTETRACYCLINE CALC Fungicide 
PENTHIOPYRAD Fungicide 
PETROLEUM DISTILLATE Insecticide 
PICOXYSTROBIN Fungicide 
POLYOXIN D ZINC SALT Fungicide 






































Appendix C – Pesticide Fate Equations 
 The equations below detail how various environmental fate parameters for applied 
pesticides are calculated from values which are selected randomly by the Monte Carlo simulation, 
based on Audsley et al., 1997.  For clarity, values selected by the Monte Carlo are bolded in the 
equations. 
 
(3)  𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝐴𝑖𝑟 = 1 − 𝑨𝒑𝒑𝒍𝒊𝒄𝒂𝒕𝒊𝒐𝒏 𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒕𝒐 𝑭𝒊𝒆𝒍𝒅 
 
 
(4)  𝑉𝑜𝑙𝑖𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1 − 𝑫𝒆𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏 𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏 
 
(5)  𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝐴𝑖𝑟 = 𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝐴𝑖𝑟 ∗  𝑉𝑜𝑙𝑖𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
 
(6)  𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑆𝑜𝑖𝑙
= 𝑨𝒑𝒑𝒍𝒊𝒄𝒂𝒕𝒊𝒐𝒏 𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒕𝒐 𝑭𝒊𝒆𝒍𝒅 ∗ 𝑭𝒊𝒆𝒍𝒅 𝑨𝒑𝒑𝒍𝒊𝒄𝒂𝒕𝒊𝒐𝒏 𝒕𝒐 𝑺𝒐𝒊𝒍
+ 𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝐴𝑖𝑟 ∗ 𝑫𝒆𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏 𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏   
 
(7)  𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑊𝑎𝑡𝑒𝑟
=
𝑨𝒑𝒑𝒍𝒊𝒄𝒂𝒕𝒊𝒐𝒏 𝑭𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒕𝒐 𝑭𝒊𝒆𝒍𝒅 ∗ (1 − 𝑭𝒊𝒆𝒍𝒅 𝑨𝒑𝒑𝒍𝒊𝒄𝒂𝒕𝒊𝒐𝒏 𝒕𝒐 𝑺𝒐𝒊𝒍) 
(1 + 𝑻𝒐 𝑪𝒓𝒐𝒑 𝒗𝒔.  𝑻𝒐 𝑾𝒂𝒕𝒆𝒓 𝑹𝒂𝒕𝒊𝒐)
  
 






Appendix D - Additional Figures 
 Figures 11 – 21 include bar plots showing the median, 10th, and 90th percentile impacts of 
each scenario based on the three functional units discussed in sections 2.1.1 and 3.3, and grouped 
according to inventory category, life cycle phase, and crop.  Additional cross sections of these 




Figure 11: Median impacts normalized to one calorie of individual species, grouped by crop using the low input 
dataset, with the 10th and 90th percentiles of total impact for each scenario indicated. 
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Figure 12: Median impacts normalized to one calorie of the total production, grouped by crop using the low input 
dataset, with the 10th and 90th percentiles of total impact for each scenario indicated 
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Figure 13: Median impacts of one hectare of each scenario grouped by crop using the low input dataset, with the 10th 






Figure 14: Median impacts normalized to one calorie of individual species, grouped by impact category using the high 
input dataset, with the 10th and 90th percentiles of total impact for each scenario indicated. 
 
Figure 15: Median impacts normalized to one calorie of the total production, grouped by impact category using the 






Figure 16: Median impacts normalized to one calorie of individual species, grouped by impact category using the low 
input dataset, with the 10th and 90th percentiles of total impact for each scenario indicated. 
 
 
Figure 17: Median impacts normalized to one calorie of the total production, grouped by impact category using the 





Figure 18: Median impacts normalized to one calorie of individual species, grouped by life cycle phase, using the high 
input dataset, with the 10th and 90th percentiles of total impact for each scenario indicated. 
 
Figure 19: Median impacts normalized to one calorie of the total production, grouped by life cycle phase, using the 






Figure 20: Median impacts normalized to one calorie of individual species, grouped by life cycle phase using the low 
input dataset, with the 10th and 90th percentiles of total impact for each scenario indicated. 
 
Figure 21: Median impacts normalized to one calorie of the total production, grouped by life cycle phase using the low 






Figures 22 - 40 include boxplots of each scenario’s impacts on a per hectare basis, broken 
down into impact categories, and present ranges of total quantity of each category used/emitted in 
kilograms, and ranges of unit impacts of inventory items within each category.  This is presented 
in order to evaluate whether a given impact category has significant environmental impact within 
a scenario as a result of large quantities being used, large unit impacts, or both. 
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Figure 22: Uncertainty analysis of life cycle impacts of Corn Soy Rotation, divided by inventory category.  Ranges of 
application rates and unit impacts are presented for items included in each inventory category (N/A for “Other” 
category due to inventory items being normalized to several different units) 
75 
 
Figure 23: Uncertainty analysis of life cycle impacts of Apple Orchard, using the high input dataset, divided by 
inventory category.  Ranges of application rates and unit impacts are presented for items included in each inventory 
category (N/A for “Other” category due to inventory items being normalized to several different units) 
76 
 
Figure 24: Uncertainty analysis of life cycle impacts of Chestnut Orchard, using the high input dataset, divided by 
inventory category.  Ranges of application rates and unit impacts are presented for items included in each inventory 
category (N/A for “Other” category due to inventory items being normalized to several different units) 
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Figure 25: Uncertainty analysis of life cycle impacts of Hazelnut Orchard, using the high input dataset, divided by 
inventory category.  Ranges of application rates and unit impacts are presented for items included in each inventory 
category (N/A for “Other” category due to inventory items being normalized to several different units) 
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Figure 26: Uncertainty analysis of life cycle impacts of Currant Orchard, using the high input dataset, divided by 
inventory category.  Ranges of application rates and unit impacts are presented for items included in each inventory 
category (N/A for “Other” category due to inventory items being normalized to several different units) 
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Figure 27: Uncertainty analysis of life cycle impacts of Chestnut – Hazelnut – Pasture Polyculture, using the high 
input dataset, divided by inventory category.  Ranges of application rates and unit impacts are presented for items 




Figure 28:  Uncertainty analysis of life cycle impacts of Chestnut – Hazelnut – Currant - Pasture Polyculture, using 
the high input dataset, divided by inventory category.  Ranges of application rates and unit impacts are presented for 
items included in each inventory category (N/A for “Other” category due to inventory items being normalized to 




Figure 29:  Uncertainty analysis of life cycle impacts of Double Density Chestnut – Hazelnut – Currant - Pasture 
Polyculture, using the high input dataset, divided by inventory category.  Ranges of application rates and unit impacts 
are presented for items included in each inventory category (N/A for “Other” category due to inventory items being 
normalized to several different units) 
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Figure 30: Uncertainty analysis of life cycle impacts of Chestnut – Hazelnut – Currant - Apple - Pasture Polyculture, 
using the high input dataset, divided by inventory category.  Ranges of application rates and unit impacts are 
presented for items included in each inventory category (N/A for “Other” category due to inventory items being 
normalized to several different units) 
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Figure 31: Uncertainty analysis of life cycle impacts of Native Perennial Polyculture, using the high input dataset, 
divided by inventory category.  Ranges of application rates and unit impacts are presented for items included in each 




Figure 32: Uncertainty analysis of life cycle impacts of Apple Orchard, using the low input dataset, divided by 
inventory category.  Ranges of application rates and unit impacts are presented for items included in each inventory 




Figure 33: Uncertainty analysis of life cycle impacts of Chestnut Orchard, using the low input dataset, divided by 
inventory category.  Ranges of application rates and unit impacts are presented for items included in each inventory 
category (N/A for “Other” category due to inventory items being normalized to several different units) 
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Figure 34: Uncertainty analysis of life cycle impacts of Hazelnut Orchard, using the low input dataset, divided by 
inventory category.  Ranges of application rates and unit impacts are presented for items included in each inventory 
category (N/A for “Other” category due to inventory items being normalized to several different units) 
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Figure 35: Uncertainty analysis of life cycle impacts of Currant Orchard, using the low input dataset, divided by 
inventory category.  Ranges of application rates and unit impacts are presented for items included in each inventory 
category (N/A for “Other” category due to inventory items being normalized to several different units) 
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Figure 36: Uncertainty analysis of life cycle impacts of Chestnut – Hazelnut - Pasture Polyculture, using the low input 
dataset, divided by inventory category.  Ranges of application rates and unit impacts are presented for items included 




Figure 37: Uncertainty analysis of life cycle impacts of Chestnut – Hazelnut – Currant - Pasture Polyculture, using the 
high input dataset, divided by inventory category.  Ranges of application rates and unit impacts are presented for 
items included in each inventory category (N/A for “Other” category due to inventory items being normalized to 
several different units) 
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Figure 38: Uncertainty analysis of life cycle impacts of Double Density Chestnut – Hazelnut – Currant - Pasture 
Polyculture, using the high input dataset, divided by inventory category.  Ranges of application rates and unit impacts 
are presented for items included in each inventory category (N/A for “Other” category due to inventory items being 
normalized to several different units) 
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Figure 39: Uncertainty analysis of life cycle impacts of Chestnut – Hazelnut – Currant - Apple - Pasture Polyculture, 
using the high input dataset, divided by inventory category.  Ranges of application rates and unit impacts are 
presented for items included in each inventory category (N/A for “Other” category due to inventory items being 
normalized to several different units) 
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Figure 40: Uncertainty analysis of life cycle impacts of Native Perennial Polyculture, using the high input dataset, 
divided by inventory category.  Ranges of application rates and unit impacts are presented for items included in each 
inventory category (N/A for “Other” category due to inventory items being normalized to several different units) 
 
